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^ ! ABSTRACT 

We calculate differential cross sections and the spin transfer coefficient D nn in the 
p+a — > p+a + n reaction for proton bombarding energies from 1 to 10 GeV and 
7T° — p invariant masses spanning the region of the N*(1440) Roper resonance. 
Two processes - A excitation in the a-particle and Roper excitation in the 
&\ ' proton - are included in an effective reaction model which was shown previously 

to reproduce existing inclusive spectra. The present calculations demonstrate 
that these two contributions can be clearly distinguished via D nn , even under 
kinematic conditions where cross sections alone exhibit no clear peak structure 
due to the excitation of the Roper. 
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1. Introduction 

"o , 

An important goal of theoretical approaches to non-perturbative QCD is to repro- 
duce the spectrum and properties of nucleon resonances in terms of quark and gluon 
constituents. The excited baryons with the same quantum numbers as the nucleon 
- e.g., the N*(1440) Roper resonance and the N*(1710) - are particularly poorly un- 
derstood at present. It has been difficult to understand in models why an excited 
configuration of three constituent quarks with the same quantum numbers as the nu- 
cleon would lie as low in mass as 1440 MeV 0. This problem has opened the door to 
speculative alternative interpretations of the structure of the Roper resonance, e.g., 
involving collective excitations of the nucleon i or hybrid states with more valence 
constituents than three quarks i. Tests of such structure models have been impeded 
by experimental difficulties in exciting the Roper selectively. 

Recent experiments at the Laboratoire National Saturne @ have provided encour- 
aging signs that the (a, a') reaction on the proton may provide a method for such 
selective excitation. Two distinct peaks observed in small-angle inclusive a-particle 
inelastic scattering spectra at T a = 4.2 GeV were interpreted as arising, respectively, 
from A excitation in the a projectile (DEP) and Roper excitation in the proton target 
@. A subsequent theoretical analysis i demonstrated that this picture is indeed quaff- 
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tatively consistent with the measured inclusive spectra. The above two mechanisms, 
illustrated in Fig. 1, were shown i to dominate over other possible mechanisms, such 
as Roper excitation in the projectile or excitation of two A-particles. However, it was 
also found that the interference between the two mechanisms in Fig. 1 is appreciable, 
and necessary to consider for a quantitative account of the data. In other work i, 
the identification of the second observed peak in a— p inelastic scattering as arising 
entirely from the Roper resonance has been called into question, on the basis of multi- 
pole decompositions of a high statistics sample of events from the K~p — > K^p-K+n^ 
reaction. 

It is thus interesting to consider, within the framework of the same reaction model 
i, whether other experiments in the p-a system may exhibit enhanced sensitivity to 
the Roper excitation amplitudes. For example, it was subsequently predicted i that 
the signal for Roper excitation should be strongly enhanced with respect to the DEP 
background in p(a, a') reactions by raising the a-particle bombarding energy to 10-15 
GeV. In the present paper, we demonstrate the value of polarization transfer measure- 
ments in exclusive p + a —> p+a + X reactions for distinguishing the Roper (isoscalar, 
non-spin-flip) excitation from A (isovector, spin-flip) excitation. The utility of po- 
larization transfer measurements for distinguishing analogous nuclear transitions has 
been clearly demonstrated in medium-energy proton-nucleus reaction studies i. 

In the present case, if the reaction proceeds through an intermediate A, we expect 
a negative value D nn < for the transfer of normal polarization from the incident 
proton to the final-state proton i, in analogy with the results for Gamow- Teller transi- 
tions in nuclei with A(p, n) reactions at moderate momentum transfer 0. In contrast, 
the simple spin structure for the direct excitation of the Roper by an a-particle - 
+ + | + — > + + | + - requires D nn = 1 by parity conservation 0@E1. Furthermore, 
for the Roper decay mode N* — > N + 7r, the polarization of the Roper is completely 
transferred to its daughter proton when the proton is emitted along the Roper polar- 
ization axis in the Roper rest frame. Thus, for a restricted region of phase space in a 
coincidence measurement p + a — > p + a + X, one can expect to distinguish the Roper 
contribution from the A contribution by observing D nn , even if one does not see a 
clear peak in cross section spectra. These ideas have been described previouslyll, but 
only in a qualitative manner. 

In the present work, we carry out quantitative calculations for differential cross 
sections and D nn in the exclusive p + a — > p + a + tt° reaction at several bombarding 
energies, including both mechanisms in Fig. 1. In our model, we include proton-a 
distortions using a spin-independent eikonal approximation. We expect this model 
to be reasonably good for predicting cross sections and D nn , since the _D n „-value for 
Roper excitation is fixed by parity conservation, independent of distortions and other 
details of the production mechanism. On the other hand, this simple treatment of 
distortions may be inadequate for other, less robust spin observables, such as the 
analyzing power A y . 
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The paper is organized as follows. Section 2 describes the theoretical model for 
the p + a — > p + a + X reactions. Section 3 presents the numerical results of the 
reaction model. Section 4 summarizes the results and indicates possible applications 
of this technique to other nucleon excitations. 



2. Model for the p + a — > p + a + X reactions 

We use the same model developed in Refs. 5, 7, 14 and refer the reader to 
these references for details. We include the two dominant processes shown in Fig. 1 
- A excitation in the a-particle and Roper excitation in the proton - which are 
necessary to reproduce the inclusive cross section spectra from Ref. 4. We can write 
the amplitudes as: 
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[{V v -V t ,)(p A -q A )q N + V t/ p A }- < m\a\m >, 



- iT* n , rn = -AF a l^—j G*g aNN *D a F^g aNN p~l- < m'\B\m > . (2) 

where G A and G* are the propagators of the A and Roper resonances, D a is the 
propagator of the a meson, F a is the 4 He nuclear form factor, [i is the pion mass, 
and F a is the aNN vertex form factor. Vy and Vf stand for the longitudinal and 
transverse parts of the iViV — > NA effective interaction which includes tt, p, and 
g' contributions. The /'s and g's in Eqs. (1) and (2) are coupling constants. In 
particular, /' is determined to reproduce the decay width of the iV*(1440) — ► ttN 
channel. All details, including parameter values, are given in Refs. 5, 14. In Eqs. 
(1) and (2), the subscripts on momenta, A, N, and *, indicate the coordinate system 
where the momenta are to be evaluated: the A rest frame, the initial proton rest 
frame, and the Roper rest frame, respectively. The magnetic quantum numbers m 
and w! for initial and final protons refer to a spin quantization axis perpendicular to 
the reaction plane formed by the beam and outgoing proton or N* directions. 

In the amplitudes we include only p + a + 7r° as the final state. In p — a coincidence 
experiments, the missing mass of the 7r° can be reconstructed to eliminate contribu- 
tions from 2ir decay channels of the Roper resonance. However, their neglect in the 
calculations reported here for inclusive spectra is expected to yield an underestimate 
of the cross section for the Roper process in the higher excitation energy region of the 
inclusive spectra. The 2n decay channels mainly contribute to the inclusive cross sec- 
tion at higher excitation energy because of the larger available phase space. They will 
make the Roper contribution to inclusive spectra broader than shown here, especially 
at the higher incident energies, i 
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The nuclear form factor F a contained in Eqs. (1) and (2) is defined as 



F a (k) 



d 3 rp a (r)exp 
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k = p a -p2>, (4) 

and b is the impact parameter. We write F a (k) normalized to unity at k = and in the 
absence of distortion, as is usually done. The momenta p^,Pa',Pn appearing in Eqs. 
(3) and (4) are evaluated in the frame where the initial a-particle is at rest. In Eq. 
(3), p a {f) is a harmonic oscillator density distribution of 4 He, ctnn is the nucleon- 
nucleon total cross section and II p)/2u n is the pion nuclear optical potential 
with the relativistic pion energy u n . In this definition of the F a (k), we apply the 
eikonal approximation, which is known to be a good approximation at intermediate 
energies, to evaluate distortion effects. In addition, we neglect nonlocality due to 
meson exchange, and also the propagation of A and N*, because of their large widths 
and prompt decay. 

The observed inclusive cross sections led the authors of Ref. 4 to interpret the 
Roper resonance as the EO monopole excitation of the nucleon. However, in our 
theoretical model, the monotonic decrease of the observed angular distribution^ is 
mostly a consequence of the 4 He form factor and not an intrinsic property of the Roper 
resonance. Our calculated results reproduce the trend of all of the experimental results 
quite well @ without treating the Roper as the monopole excitation of the nucleon. 
We think that the limited information in the data obtained so far does not allow one 
to extract such precise information on the structure of the Roper. 

Using the amplitudes shown in Eqs. (1) and (2), the coincidence cross section can 
be written as 
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dE a ,dn a ,dn p , (2vr)5 AV2( S , M\ Ml) p'u n + E>{p> - P7rN cos6 2 ) ? ^ |T ™' m+T ™' j2 ' 

(5) 

where M is the nucleon mass, M a is the mass of the 4 He, and A(- ■ ■) is the Kallen 
function defined as; 

A(a, b, c) = a 2 + b 2 + c 2 - 2ab - 2bc - 2ca. 
All kinematical variables are evaluated in the laboratory frame and defined in Fig. 2. 



The normal spin transfer coefficient D nn is defined as; 



jj _ {d<y U u + da d d) - {dcr u d + da d u) 
(da uu + da dd ) + (da ud + da du ) 

where the indices, u and d, indicate the up and down spin state of the proton in the 
initial and final states. Here, the cross sections da m > m are defined by Eq. (5) without 
taking the spin sum and average. 



3. Numerical Results 



We first calculate cross sections for the inclusive reaction p + a — > a + X, which 
is the same inclusive reaction considered in Ref. 5, except for altered kinematics. In 
the present case, the proton is the projectile and the recoiling a-particle is observed 
in the final state. We use the same T matrix defined in Section 2 and the same 
phase factors as in Ref. 5. Since we may also have the n + a + tt + final state in the 
inclusive reaction, we have multiplied by an additional isospin factor of 3 the cross 
sections which are obtained using the T matrix from Section 2. We calculate the 
inclusive cross section da / dE a /dfl Q / as a function of T a i at different a' angles 9% (see 
Fig. 2. for the definition of 9\). The calculated results are shown in Figs. 3 and 4 
for incident proton energies of 1 GeV and 10 GeV. We also show the contributions 
to the inclusive cross section from the Roper excitation process alone. 

In Fig. 3, we show the calculated results for T p — 1 GeV, which corresponds to 
T a = 4 GeV in the inverse kinematics of the Saturne experiment §. It is interesting 
to compare our present results with the measurements from Saturne. The shape 
of the energy spectrum at 9\ = 20° in Fig. 3(b) strongly resembles that observed 
in the inverse kinematics i. We find, however, that the angular dependence of the 
cross section is much milder in the present case than for the case of an a-particle 
projectile: in going from 9% = 0° to 60°, the cross section decreases by only about 
a factor of three. This mild angular dependence is due to the behavior of the a- a' 
transition form factor F a in Eqs. (1) and (2). We evaluate the form factor using 
the momentum transfer for the a-particle in the initial a rest frame. In the present 
kinematics, the momentum transfer does not depend on the angle 9\, but only on 
the energy E a >. Thus, F a , which caused the steep angular dependence observed in 
the case of inverse kinematics, does not produce an angular dependence of the energy 
spectrum calculated here. The observed dependence of the spectra in Figs. 3 and 4 
on 9\ arises instead from kinematic effects described below. 

In Fig. 3 we can see the cross sections from the Roper process alone at different 
values of 9\ for T p — 1 GeV. As 6i increases, the Roper peak moves to larger T a t and 
becomes weaker and broader. This behavior reflects changes in the invariant mass of 
the final irN system. Since the invariant mass changes more slowly as a function of T a > 
for larger angles, the peak position moves to larger T a i and the peak is broader when 
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we plot cross sections as a function of T a >. For larger T a >, the transition form factor F a 
makes the Roper peak weaker. Furthermore, at 9\ = 40° and 60° with T p — 1 GeV, 
the invariant mass cannot reach 1440 MeV, so that the Roper contributions are much 
smaller than at more forward a-particle angles. 

The contribution from the A process has a different angular dependence, as can 
be seen in Fig. 3, since the invariant mass of the A system is determined in a different 
way (see Ref. 14). Nonetheless, the A peak also moves to larger T a / for larger 9\, and 
decreases in strength result of F n . 

For higher T p (see Fig. 4), the Roper contribution is larger than the A contribution, 
since the Roper peak moves to smaller T a i, where F a is larger. This is also the case 
in inverse kinematics, as reported in Ref. 7. At the same time, the Roper peak is 
sharper because the invariant mass changes more rapidly as a function of T a r. In the 
present case, however, the Roper and A peaks strongly overlap for higher T p , and 
cannot be distinguished in inclusive spectra alone. 

The angular dependence of the cross section for both the Roper and the A excita- 
tion processes in Fig. 4 is much flatter than at lower T p , because of the p a i included in 
the phase space factor of the cross section. The increase of p a > at larger 6\ overcomes 
the effect of F a in this narrow energy range close to p a i =0, making the cross section 
larger. 

The inclusive spectra shown in Figs. 3 and 4 indicate that the a-particle recoil 
energy is quite small in the laboratory frame, and that good energy resolution is 
needed to select the portion dominated by Roper excitation. This fact favors the use 
of a thin, windowless gaseous 4 He target in an experiment. The use of a storage ring 
and internal target environment, as proposed in Ref. 9, seems to be most suitable to 
obtain sufficient luminosity. 

Before presenting the numerical results for exclusive reactions, we need to clarify 
the kinematic configurations in which we calculate the exclusive cross sections. As 
described in section 1, we are interested in the restricted phase space in the final 
state where the spin transfer coefficient D nn of the Roper process is equal to one. 
In the present reaction, the energy and momentum of the Roper are determined 
uniquely for each final p a >. Furthermore, the normal polarization of the proton beam 
is transferred completely to the produced Roper. When the Roper decays into the 
7r + p system, we can determine the desired momenta and energies of the 7r and p 
uniquely by imposing the additional condition that the proton be emitted along the 
polarization axis of the Roper within the Roper rest frame. This condition guarantees 
full transfer of the Roper polarization to its daughter proton. The final proton energy 
and emission angles in the laboratory frame (see Fig. 2) are then obtained by a Lorentz 
transformation from the Roper rest frame to the laboratory frame. In this restricted 
kinematic configuration, we always get D nn = 1 for the Roper contribution. As an 
example, Fig. 5 shows, for the case of T p = 2 GeV, the final proton emission angles 
(0 2 , 03) and kinetic energies as a function of T a < for several values of 0-y. All of our 
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results for the exclusive reaction are obtained in this kinematic condition. Thus, the 
final proton energy and angles in the laboratory frame vary with those of the final 
a, so as to satisfy the conditions described above. Note, however, from Fig. 5 that 
the final proton remains less than 20° out of plane (82 < 20°) over the entire range of 
interest, so that its polarization is always predominantly transverse to its motion in 
the laboratory frame. Furthermore, the decay proton energies in the lab frame are in 
a range near that where high figure-of-merit proton polarimeters have already been 
developed at LAMPF El. 

Experiments will, of course, average over finite angular and energy acceptances 
for the decay proton. Thus, we have also considered final protons emitted at non-zero 
angles from the polarization axis in the Roper rest frame. We find, for example, that 
in the T p = 2 GeV, Q\ = 20° case, one maintains D nn > 0.95 for the Roper process 
at its peak if decay protons are detected over a ±0.5° angular and ±25 MeV energy 
range in the laboratory, centered around the optimum values. 

In Figs. 6 and 7 we show the calculated exclusive reaction cross sections and the 
spin transfer coefficient [defined in Eqs. (5) and (6)], for T p = 1 GeV. Since the phase 
space factor of Eq. (5) diverges at the threshold for one pion production, the total 
cross sections are larger at smaller T a i . At the threshold, D nn for the A process is —1 
since both the proton and the pion in the final state are in the scattering plane, so that 
the momentum transfer to the nucleon is perpendicular to the spin polarization. D nn 
for the Roper process is always 1 in the kinematic configuration described above. The 
D nn associated with the interference between the two contributions is also always 1, 
because the interference makes a finite contribution only when the amplitude for the 
Roper process is non-zero. In Fig. 6, where 81 = 20°, we see that the calculated cross 
section does not exhibit a clear peak due to the Roper contribution, but rather only a 
shoulder. Nonetheless, in the spin transfer coefficient one sees a clear indication of the 
Roper excitation process: D nn clearly changes from negative to positive (~ 1) in the 
energy region where the Roper contribution becomes dominant. This feature allows 
the Roper contribution to be identified even without a clear corresponding peak in 
the cross section. It is interesting to note the very different D nn behavior in Fig. 7 
for 61 = 60°, where the Roper process provides a minor contribution over the entire 
T a i range. 

Figure 8 shows results for T p = 2 GeV and 9\ = 20°. Here, Roper excitation is 
manifested clearly in both the cross sections and D nn . Figure 9 reveals the real utility 
of the D nn signature, unveiling a Roper contribution at relatively high T a >, where the 
net cross section is smooth and monotonically decreasing. 

In Figs. 10 and 11, we show the results for a much higher energy, T p = 10 GeV. 
In these figures we can see that D nn reaches a maximum value around the peak of the 
Roper contribution, before decreasing toward higher T a /, because the A contribution 
has a longer tail in the cross section than the Roper contribution. In such situations, 
D nn measurements may yield information on the T Q /-dependence of the contributing 
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production processes far from the regions where they are kinematically maximized. 
4. Summary 

We have studied Roper resonance excitation in both the inclusive p + a — * a + X 
reaction and the exclusive p + a — > p + a + X reactions at T p = 1 — 10 GeV. We 
have used a reaction model developed previously to understand existing inclusive 
cross section measurements. The model includes the A excitation process in the a- 
particle as well as the Roper excitation process in the proton. We have calculated 
the differential cross sections and the normal spin transfer coefficient D nn for various 
energies and angles of the recoil a-particle. 

The inclusive reaction sometimes exhibits a peak from the Roper resonance exci- 
tation. The magnitude of the cross section does not have a strong dependence on the 
recoil a angle, in contrast to the case with inverse kinematics, since the momentum 
transfer to the ct-particle does not depend on its recoil angle. Instead, the shape and 
strength of the Roper contribution to the inclusive spectrum depend on the recoil 
a angle because of its kinematic implications for the invariant mass of the final nN 
system. 

In the exclusive p + a — > p + a + X reactions, we have calculated both the 
cross section and the spin transfer coefficient. The simple spin coupling for Roper 
production dictates that the incident proton's polarization normal to the production 
plane will be transferred completely to the N*. In the restricted part of phase space 
described in section 3, we have consequently found that the spin transfer coefficient 
clearly shows the contribution from the Roper excitation process even when there 
is no corresponding peak structure in the cross section. By observing D nn , one can 
distinguish the Roper process from the A background even when the energy spectrum 
is rather flat. We conclude that the spin transfer coefficient is a robust observable for 
identifying the Roper contribution. 

If the polarization transfer measurements proposed here were to confirm the dom- 
inance of Roper excitation in p+a collisions under appropriate kinematic conditions, 
then coincidence experiments with polarized beam offer several potential advantages 
over other methods for determining so far rather poorly known properties of the Roper 
resonance. By changing the proton bombarding energy and the a-particle recoil angle, 
one can vary the invariant mass of the excited nucleon independently of the momen- 
tum transfer to the a-particle. In this way, one can measure the resonance shape 
and improve upon existing determinations of its mass and width. Furthermore, the 
a priori knowledge of the N* polarization will help to determine the relative branch- 
ing ratios for decay channels other than 7rN. For example, by gating on p+a missing 
mass one could selectively study the N7T7T channels, which are known to have substan- 
tial contributions from An, Np and N(7T7r) s _ ?i , a „ e intermediate states. The different 
intermediate states have different spin coupling, hence, different characteristic spin 
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transfers from N* to daughter N. Measurement of the polarization transfer from in- 
cident to final proton, as a function of the reconstructed emission angle in the N* 
rest frame, could then allow an improved decomposition of the 7iir channel strength. 
The coupling strength of the N* to these various channels is essential information for 
constraining theoretical models of the Roper's structure. 

At the higher bombarding energies considered here, it is of course also possible 
to produce heavier baryon resonances, which have not been included in the present 
calculation. The cross sections for such production processes may also be sizable, 
since for low a-particle kinetic energies, the a-particle form factor does not suppress 
the cross section. There are also possibilities to use the same kind of spin filtering for 
certain heavier resonances as applied to the Roper resonance in the present case. In 
particular, similar parity constraints on D nn to N* resonances, produced in exclusive 
p+a reactions, exist whenever the spin and parity of the resonances is | + (D nn = +1) 
or | (D nn — — 1)- Furthermore, the full polarization transfer to the daughter baryon, 
when it is emitted along the resonance's spin quantization axis, applies equally well 
to p + ir, p + T), and A + K final states. In the latter case [relevant, for example, in the 
N*(1710) decay], the polarization of the daughter baryon can be readily measured via 
the A's subsequent self- analyzing decay to pn~ . Thus, polarization transfer measure- 
ments in multi-GeV p + a collisions may help in the search for | and | strength 
in the nucleon resonance continuum. 
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Fig.l 

Diagrams for the p + a — > p + a + X reactions considered in this paper. They are: 
(a) the A excitation in the a and (b) the Roper excitation in the proton i. The 
a exchange must be interpreted as an effective interaction in the isoscalar exchange 
channel H. 



Fig. 2 

Definitions of the kinematical variables used in this paper. The scattering plane is 
determined by p and p a >. As indicated in this figure, p n ^ is in the plane, while p' and 
p v can be out of the plane. The incident proton polarization is perpendicular to the 
plane. Definitions of the scattering angles are also shown. 

Fig. 3 

Calculated energy spectrum (solid line) and contribution from Roper excitation pro- 
cess alone (dashed line) for the inclusive p + a — > a + X reaction at T p — 1 GeV 
as a function of recoil a-particle energy T a >. The recoil a angles (in degrees) in the 
laboratory frame, correspond to values of 6 X defined in Fig. 2, and are indicated for 
each spectrum. 



Fig. 4 

Same as Fig. 3 except for T p = 10 GeV. 



Fig. 5 

Final proton emission angles (a) cos (62), (b) cos (#3), and (c) final proton kinetic en- 
ergies as a function of the final a-particle kinetic energy T a > for T p = 2 GeV. The 
curves correspond to different scattering angles of the a, 9±, in the laboratory frame 
in units of degrees. See Fig. 2 for a definition of the scattering angles. 

Fig. 6 

(a) Differential cross section and (b) spin transfer coefficient D nn of the p + a — ► 
p+a+X reaction as a function of the recoil a-particle kinetic energy T a > at T p = 1 GeV 
and 6\ = 20° . The dashed, solid, and thick solid lines show the results of the A pro- 
cess, the Roper process, and the combination of the two (including the interference). 

Fig. 7 

Same as Fig. 6 except for T p = 1 GeV and 0\ = 60°. 
Fig. 8 

Same as Fig. 6 except for T p = 2 GeV and 61 = 20°. 



Fig. 9 
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Same as Fig. 6 except for T p = 2 GeV and 9i = 60°. 



Fig. 10 

Same as Fig. 6 except for T p = 10 GeV and 6>i = 20°. 
Fig. 11 

Same as Fig. 6 except for T p = 10 GeV and 9 1 = 60°. 



12 



a 7i 

(a) 



A 



n, P 



a 



a 

(b) 



a 



Fig.l 




Fig. 2 



0.020 




2 3 4 

T rf [MeV] 



2 3 4 

T a . [MeV] 



Fig. 4 



1.00 



0.98 



0.96 



0.94 



0.92 
1.000 



0.995 



0.990 



0.985 
1500 



1400 



,— , 1300 



1200 



1 100 



1000 



900 







T p =2 GeV 






60 






40 


- 




\ 20 






\. 


(a) 








1 1 — 









2 ~~~ 


- 




40 






60 


(b) 






TT T 1 h 

\\ \ 

VS. 


1 1 — 

60 


- 

- 
- 




, 4 










(c) 












10 



20 



30 



T rf [MeV] 



Fig. 5 




T a . [MeV] 



Fig. 6 




T„- [MeV] 



Fig. 9 




T„- [MeV] 



Fig. 11 



